, while ATSR-2 shows slightly lower values (∼0.2 K). The random uncertainty for AMSR-E is about 0.47 K, also rather stable with time, while as expected, the TMI has higher values of ∼0.55 K. It is shown for the first time that the AMSR-E random uncertainty changes with latitude, being ∼0.3 K in the tropics and about double this value at mid-latitudes. The SST uncertainties provided with the CCI data are slightly overestimated above 0.45 K and underestimated below 0.3 K during the day. The uncertainty model does not capture correctly the periods with instrument problems after the ATSR-1 3.7 µm channel failed and the gyro failure of ERS-2. During the night, the uncertainties are slightly underestimated. The CCI SSTs (Phase 1) do not yet match the quality of the ARC dataset when comparing to drifting buoys. The value of the ARC median bias is closer to zero than for CCI, while the RSD is about 0.05 K lower for ARC. ARC also shows a more homogeneous geographical distribution of median bias and RSD, although the differences between the two datasets are small. The observed discrepancies between CCI and ARC during the period of ATSR-1 are unexplained given that both datasets use the same retrieval method.
Introduction
Sea Surface Temperature (SST) is an Essential Climate Variable (ECV) for which there are available observations continuously since 1850 [1, 2] made mainly by ships, but also from drifting and moored buoys during the recent decades. SST is directly related to and often dictates the exchanges of heat, momentum and gases between the ocean and the atmosphere [3] , making it an important geophysical parameter for climate variability monitoring and prediction, operational weather and ocean forecasting,
Datasets

Satellite SST Retrievals
The description of Phase 1 CCI SST project (CCI) is given by Merchant et al. [22] and the references therein, while for ARC, see Merchant et al. [7] . A short description is provided here focusing mainly on the differences and the similarities between CCI and ARC. In CCI, the retrieval of SST from ATSR-2 and AATSR brightness temperature observations is based on optimal estimation theory following the work of Merchant et al. [26] . In contrast, in ARC, the inversion of SST from ATSRs observations was based on retrieval coefficients estimated from radiative transfer simulations [27, 28] . However, the SST from ATSR-1 in CCI also used the retrieval method of coefficients, in order to account for the impacts of the stratospheric aerosols from the Pinatubo eruption and the less stable performance of ATSR-1. Both CCI and ARC SST retrievals are independent of in situ measurements in contrast to the majority of other satellite SST datasets, which are calibrated against them [29] [30] [31] [32] . In both datasets, the cloud mask is based on a probabilistic (Bayesian) approach [33] (with minor differences concerning the versions of the radiative code and the NWP model), while dust aerosols are treated as clouds (i.e., masked) using the infrared dust index [34, 35] . The ARC dataset provides more flexibility with SST retrievals calculated from both nadir and dual views either for two or three (during night time) channels, while CCI retrievals are based on dual view only, because of the better atmospheric correction [7, 25] , with two channels during daytime and three channels during night time. An exception to this is the period for ATSR-1 after the failure of 3.7 µm in May 1992, when the two 10.8 and 12 µm channels are used for both day and night retrievals. In addition to the skin temperature, which is the SST retrieved by the IR radiometers, both ARC and CCI provide the SST at a depth of 20 cm (ARC also provides depths at 1 and 1.5 m). The depth SST is based on a parameterization of the ocean skin effect [36] in order to facilitate the comparison with drifting buoys and the creation of climate datasets merging satellite and in situ observations [37] . In CCI, the depth SST is given at a standardized local time of 10:30 a.m./p.m. in contrast to the actual time of observation in ARC. The Equator crossing time for ATSR-1/2 was 10:30 a.m./p.m. and 30 min earlier for AATSR, stable (deviations less than 2 min) for all three satellite instruments during their lifetime [38] . Finally, the spatial resolution of the two datasets is different with ARC being 0.1 • and CCI 0.05 • , for the L3U product, which is the assessed product here (L3U stands for SST data from a single orbit file remapped and/or averaged onto a regular grid).
For the application of the triple collocation (or three-way error) analysis [39, 40] , in order to estimate the random uncertainty of CCI SSTs, use was made of SST retrievals from microwave (MW) observations obtained from TRMM Microwave Imager (TMI) [41] and Advanced Microwave Scanning Radiometer for EOS (AMSR-E) [42] . TMI was on board the TRMM satellite with a low-inclination orbit covering only the tropics and subtropics 40 • S-40 • N and providing good quality SST observations from 1998-2014 with variable Equator crossing times. AMSR-E on board the AQUA platform measured SST globally from 2002-2011 with an Equator crossing time of 1:30 am/pm. For both instruments, the SST retrieval developed by Remote Sensing Systems (Version 7) was used, with a spatial resolution of 0.25 • . The SST retrieval algorithm for both TMI and AMSR-E is a physically-based two-stage regression that expresses SST in terms of the brightness temperatures for all the available channels of each instrument [42, 43] . Here, TMI data are used from January 1998-July 2002 and AMSR-E data from August 2002-September 2011.
In Situ Observations and Quality Control
The assessment of the CCI dataset is based on comparisons with SST observations from drifting buoys available through International Comprehensive Ocean-Atmosphere Data Set (ICOADS) Version 2.5 [44] for the period 1991-1996 and the Global Telecommunication System (GTS) for the period 1997-2012. Drifting buoys had a conservative quality control developed at the Met Office in order to eliminate buoys with gross errors [45] . The spatial collocation criterion between satellites and drifting buoys is 0.05 • for CCI and 0.1 • for ARC. In both cases, the maximum time window is 3 h, but when several observations from drifting buoys are available, the closest in time to the satellite overpass is chosen. It should be noted that the quality assessment of the ARC dataset provided by Lean and Saunders [25] was based mainly on the comparison of drifting buoy SST with ARC at a depth of 1 m. As the CCI depth is calculated only at 20 cm, the respective ARC depth (at 20 cm) will be used for consistency. However, according to the results of Lean and Saunders [25] , the comparison statistics are similar for different SST depths, especially at night.
In both datasets, a common threshold has been applied to eliminate match-ups with a difference between buoys and ATSRs greater or equal to ±3 K. In this way, problematic drifting buoy observations that have passed the above-mentioned quality control and/or cloud affected satellite SST retrievals were eliminated. Although, drifting buoys datasets exist with more elaborate quality control [44, 46, 47] , here the same dataset as in Lean and Saunders [25] is used in order to provide a direct comparison between CCI and ARC. The constant threshold has been chosen because the number of match-ups increases with time following the number of available drifting buoys. This can be seen in Figure 1a by the solid lines for day (red) and night (blue) when the number of match-ups before filtering increases from ∼500 in 1991 to more than 30,000 in 2011. Note that the first data from ATSR-1 became available in August 1991, while AATSR ended in April 2012. The choice of the threshold is based on the annual standard deviation of the ATSRs-buoys unfiltered differences which is relatively close to 1 K for both datasets (Figure 1b) . Thus, the selected threshold of 3 K is roughly a three sigma elimination of outliers, being mostly a conservative option that does not remove too many pairs.
The annual percentage of match-ups filtered out by the 3 K threshold is in general close to 1% for both datasets either for daytime or night time retrievals (Figure 1a, dashed lines) . Nevertheless, there are years when the percentage of filtered match-ups is greater than 2%. For CCI these years are 1998-2001 and 2005, while for ARC (not shown) are 1998 and 2005. The years 1998 and 2005 appear in both datasets, with the percentage of collocations filtered out in 1998 during CCI daytime retrievals approaching 6%. The differences in the actual number of percentages between CCI and ARC indicate that the outliers are not only due to errors in drifting buoys. Furthermore, the difference in quality of drifting buoys from ICOADS and GTS can be clearly seen in Figure 1 , with ICOADS buoys (1991) (1992) (1993) (1994) (1995) (1996) having both smaller rejection percentage and standard deviation than the GTS data (1997) (1998) (1999) (2000) (2001) (2002) (2003) (2004) (2005) (2006) (2007) (2008) (2009) (2010) (2011) (2012) . In order to understand better the reason for the outliers, Figure 2a presents the bias (CCI minus drifting buoy SST) for daytime retrievals in 2005, the year with the larger number of outliers (n = 568). It can be observed that the outliers generally follow tracks rather than found in isolated locations or specific regions. This suggests drifting buoys with gross errors passed the conservative quality control. In an effort to locate possible regions that are prone to outliers, Figure 2b shows the geographical distribution of the daytime rejected match-ups for the whole period of CCI. For convenience, the number is provided only for 5 • grid boxes with more than four rejected match-ups. Two regions that have systematic outliers (more than 30) for 2005 are the Mediterranean Sea and the Japan/East China Sea. In the next section, the location of the outliers will be reassessed in light of the CCI evaluation results.
Throughout this paper, the term bias is used, which by definition implies that drifting buoys provide unbiased observations. Certainly this is not true, at least not for all individual drifting buoys. Another study will focus on the quality of drifting buoys SST observations. 
CCI SST Validation
Individual Performance
Firstly, the evaluation of each of the three ATSRs will be examined independently against drifting buoys. (24 July 2002 -8 April 2012 . Note that for ATSR-2, there are no data for the first six months of 1996 due to the scan mirror failure, while the quality of the data (when available) is reduced during the period mid-January to mid-June 2001 due to the gyro failure [7] . The mean and the median bias (CCI minus drifting buoys) is 0.10-0.13 K for all three instruments both for daytime and night time retrievals indicating a slight overestimation of depth SST by CCI. On the other hand, there are differences among the three instruments regarding the standard deviation or the Robust Standard Deviation (RSD) and between daytime and night time retrievals. During day, the RSD (standard deviation) is 0.55 (0.67) K for ATSR-1, 0.39 (0.53) K for ATSR-2 and 0.28 (0.43) K for AATSR. The respective values during night are 0.55 (0.69) K for ATSR-1, 0.28 (0.46) K for ATSR-2 and 0.22 (0.39) K for AATSR. The standard deviation is larger than RSD as it is more affected by pairs with bigger differences, while RSD better describes the distribution of the SST differences (RSD is 1.4826-times the median absolute deviation). Daytime retrievals have larger values than night time, unsurprising given the use of the 3.7 µm channel during night, which offers a better correction for atmospheric absorption, especially regarding water vapour in the Tropics. The 3.7 µm channel in ATSR-1 worked only for the first 10 months, meaning that the two channels retrieval was used for both day and night for the rest of its lifetime. This explains the absence of a difference at the standard deviation or RSD between day and night for ATSR-1. The performance of the instruments improves with time with ATSR-1 having the worst results and AATSR the best in terms of RSD and standard deviation. However, the apparent improvement with time from Table 1 can also reflect an improvement in terms of performance of the drifting buoys. The results of Table 1 are similar to those reported in Merchant et al. [22] , although both the median bias and the RSD are slightly larger here. This probably reflects the less stringent quality control applied here for the drifting buoys, given that the number of match-ups is lower in the study of Merchant et al. [22] .
In order to eliminate the variable performance of drifting buoys with time in the evaluation of ATSRs, Table 2 presents the statistics for the periods when the nominal operations of two instruments overlap. During the last seven months of 1995, both ATSR-1 and ATSR-2 were taking observations in tandem. The daytime results of the common period (Table 2 ) are similar to above-mentioned results for the whole lifetime of ATSR-1 and ATSR-2, with the exception of the mean bias for ATSR-2, which is reduced to 0.05 K. This confirms that ATSR-2 was performing better than ATSR-1. The common period between ATSR-2 and AATSR lasted for about 10 months. Figure 3 presents the maps of median bias, RSD and number of collocations for the 20 years period separately for day and night. The median bias and RSD are calculated for every 5 • grid box with at least 20 match-ups inside it for the whole period of ATSRs. Thus, the white boxes indicate lack of sufficient number of collocations. Regarding the overlapping periods between satellites (Table 2) , data from the best performing satellite have been used i.e., ATSR-2 and AATSR (instead of ATSR-1 and ATSR-2). It can be seen that during day the CCI depth SST is significantly warmer than the buoys SST in the tropics ∼0.3 K, while in general for the other regions, the median difference is inside the range [−0.1, 0.1] K with CCI being mainly slightly warmer than the buoys. Median differences less than −0.1 K can be observed in the Black Sea and off the coast of Arabian Peninsula. On the other hand, during night time, the CCI is found again warmer than buoys around 0.1-0.2 K, but now, the difference is more homogeneous spatially. Higher differences are found over the northern Indian Ocean and the Western Pacific. Especially, in the case of the north Indian Ocean, there is a sharp transition with the bias being cold off the Arabian Peninsula becoming warm close to the Indian Peninsula. A less significant gradient can be also observed over the eastern part of tropical Atlantic. The cold bias off western Africa and Arabian Peninsula may be related to dust aerosols, which are abundant in these two areas [48, 49] . The location of the daytime warm bias in the tropics seems to be related to the absorption of IR radiation by water vapour, which is retrieved less accurately with the two-channel algorithm, used during the day. A very similar geographical pattern for the median difference between the CCI SST analysis and drifting buoys has been found in Merchant et al. [22] . Regarding the robust standard deviation of the difference between CCI and buoys, during the day, larger values ∼0.6 K are found over the Maritime Continent (SE Asia) and Northwest Pacific (Figure 3c ). During the night, the spatial distribution is again more homogeneous than daytime and only off the eastern coast of Canada, and the south-western Atlantic Ocean RSD reaches 0.5 K (Figure 3d ). The geographical distribution of match-ups is not spatially homogeneous (Figure 3e ,f), but this fact does not impact the median difference or the robust standard deviation.
Geographical Distribution
It should be kept in mind that the number of drifting buoys increased considerably with time ( Figure 1a and Table 1 ), especially after 2003, meaning that the maps reflect mostly the performance of AATSR. The same analysis has been repeated for each one of the three ATSRs (not shown); the results are similar to Figure 3a ,c for ATSR-2, and the geographical patterns are very similar, although the values for the bias and the RSD are slightly larger. For ATSR-1, it is difficult to assess as there are far fewer collocations to give statistically-significant results about the geographical patterns of median bias and the RSD.
It can be useful to investigate if there is a specific geographical distribution for the collocations with the largest differences between CCI and drifting buoys. Figure 4 presents the mean bias and number of match-ups for the collocations with absolute difference larger than 1 K. The threshold of 1 K is chosen arbitrarily taking into account that collocations with difference greater than ±3 K are discarded (Section 2), while an important number of match-ups should be left in order to arrive to some conclusions. The comparison of Figure 4a with Figure 3a indicates that the pairs with |∆SST| > 1 K during daytime contribute to the warm bias observed in the tropics and the western Pacific. For the other regions, the large differences from these collocations cancel out more or less giving a mean value close to 0 K. It is important to note that the number of the collocations per grid box with large SST differences is about 5-15 ( Figure 4b ) and much lower, at least an order of magnitude, than the total number of collocations (Figure 3e ). For the night time retrieval (not shown), there are even fewer pairs with absolute SST differences larger than 1 K. The only geographic patterns emerging during night are the warm biases over the north-western Pacific and around the Indian Peninsula (similarly to Figure 3b ). The identified regions with systematic large positive SST differences probably indicate deficiencies in the SST retrieval rather than issues with observations from drifting buoys. 
Time Series
In order to have a clear indication of how the statistics are evolving with time given that Figure 3 reflects mostly the results of AATSR, Figure 5 presents the time series of CCI for the median bias and the RSD. The median bias is almost always positive with the exception of the last months of 1991 and the years 1997 and 1998 for the daytime retrieval only, when it reaches −0.1 K. From 2002 onwards, the daytime and night time retrievals have the same monthly global median bias of about 0.12 K, a fact clearly reflecting the stability of AATSR. Similar values of the median bias for the daytime and the night time retrievals are also found for the ATSR-1 period, but for ATSR-2 from 1995-2001, there are differences between day and night, although these are in general smaller than 0.1 K. The similar values between day and night for the ATSR-1 after 27 May 1992 (when the 3.7 µm channel failure occurred) are not surprising as the retrieval algorithms are the same, although the daytime cloud mask also uses the 1.6 µm channel. When switching between ATSR-1 and ATSR-2 (the ATSR-2 scan mirror failed in December 1995 and restarted in July 1996), an abrupt change of the median bias can be observed during night (for daytime observations a change also exists, but it is less significant). This is as expected as ATSR-2 uses the 3.7 µm channel in the night time algorithm. The median bias of ATSR-1 is not stable temporally increasing from 1991-1993 reaching 0.3 K and then mainly decreasing towards 0 K. For ATSR-2, the changes are more of stepwise nature with the median bias being mostly stable between them, especially for the night time retrieval. These step changes occur around January 1997 (decrease from 0.15 K-0.05 K during night) and then around October 1999 (increase from 0.05 K-0.2 K during night), with the changes being slightly larger in magnitude for the daytime retrieval. The median bias for the whole 20 years of ATSRs CCI is almost always within ±0.2 K with the exception of the periods 1993-1994 and 2000.
The temporal evolution of the robust standard deviation is simpler than the median bias (Figure 5b) . Always, the night time RSD is lower than the daytime by about 0.1 K (for ATSR-1 after May 1992, there are no differences as the day and night retrieval algorithms are the same, using only the 10.8 and 12 µm channels). For ATSR-1, the RSD increases with time from 0.3-0.4 K to about 0.6-0.7 K with the most rapid change occurring during 1992. On the other hand, for ATSR-2 and AATSR, the RSD decreases slightly with time being lower for AATSR and the lowest values of ∼0.21 K (0.28 K) for night time (daytime) obtained during 2008-2010. The switches from ATSR-1 to ATSR-2 are obvious with the RSD reducing from ∼0.6 K to 0.3-0.4 K. However, it is important to note that the RSD of the first months of ATSR-1 (before the failure of 3.7 µm channel) is very similar to the values found during the first months of ATSR-2 operations. The switch from ATSR-2 to AATSR is smooth, especially for the night time retrieval. There is an apparent jump for the daytime RSD from 0.35 K to 0.6 K during February-May 2001 due to the gyro failure on ERS-2. Another way to investigate the temporal performance of the CCI against drifting buoys is by presenting how the percentages of match-ups for fixed SST threshold differences evolve. Figure 6 shows the evolution for differences less than 0.1 K or 0.2 K and larger than 1 K or 2 K. The thresholds are ad hoc, but the lowest values represent mostly the optimal cases will the largest thresholds are indicative for possible significant (i.e. in terms of magnitude) events. Similarly with the RSD (Figure 5b ), there is a clear separation between night and day (again except for the period after the failure of 3.7 µm channel on ATSR-1), with the night retrievals showing better performance. This stratification between day and night retrievals breaks down for the |∆SST| > 2 K and the AATSR period for the differences larger than 1 K. Likewise for RSD, the performance improves with time as the percentage within 0.1 or 0.2 K increases, and the percentage larger than 1 K decreases. About 23% (30%) of day (night) retrievals are within 0.1 K from drifting buoys SST. The percentage of collocations within 0.2 K is almost always larger than 40% (50%) for day (night) retrievals. However, the percentages for the ATSR-1 period after the 3.7 µm channel failure are lower being around 14% (27%) within 0.1 K (0.2 K). Poor performance for the same period of ATSR-1 can also be observed in the percentage of match-ups which are larger than 1 K (Figure 6b) , reaching values larger than 20% for some months towards the end of the mission. Despite this ATSR-1 period, the 1 K percentage is around 5%. Interestingly, the percentage of collocations that are larger than 2 K does not fluctuate a lot with time being 0.5-1%, although the ATSR-1 period shows more variability from one month to the next. Regarding the period of the ERS-2 gyro failure (beginning of 2001), there is an obvious decrease of the percentages within 0.1 K or 0.2 K and an increase of the percentage larger than 1 K for the daytime retrievals. Nevertheless, the night time retrievals do not seem to be impacted significantly by the gyro failure. In addition, the gyro failure does not affect the percentage of collocations larger than 2 K, which means that any degradation of the CCI due to the gyro failure is within 2 K. In Figure 6b , a spike can be observed for both 1 K and 2 K percentages in August/September 2009, which does not coincide with any known instrumental issue for AATSR, thus indicating an issue with the drifting buoys or at least their quality control. 
Triple Collocation Analysis
The triple collocation or three way error analysis uses three independent datasets observing the same quantity (here SST) in order to calculate the standard deviation of the error for every one given the fact that the observations are uncorrelated [39, 40] . If the assumptions behind the triple collocation hold, the standard deviation of the error is the random error for observations of each instrument (or more correctly the random uncertainty). Here, the latest version of AMSR-E SST is used (Version 7, which differs from the versions used by Lean and Saunders [25] and O'Carroll et al. [39] ). For the first time to the best of our knowledge, the results are extended backwards in time by using the SST observations of TMI (Version 7. in a time window of 180 min for all three observations. As previously (Section 2), only collocations with absolute differences less than 3 K are used for any combination of the three datasets. In the past, the triple collocation approach has been used only for night time SST observations in order to avoid the impact of the diurnal thermocline [50] [51] [52] . However, here, for the first time to the best of our knowledge, the triple collocation is applied also during day, only when the wind speed observed from the MW imagers is larger than 10 m/s. This wind threshold is based on the results of previous studies [50, 51, 53, 54] , as it is expected that when the wind speed is above 10 m/s, the diurnal SST cycle should be absent especially for the ATSR overpass time of 10:30 LT. Figure 7 presents the annual results of the triple collocation analysis. It can be noted that after 2003 both AATSR and drifting buoys have a stable standard deviation of the error ∼0.22 K both during day and night. For the period before 2004, the daytime results indicate that ATSR-2 and AATSR are at the same level, while the night time values suggest that ATSR-2 is slightly better. The drifting buoys before 2004 show a worse quality with values for the standard deviation of the error of 0.3 K or above for the daytime results. Regarding AMSR-E, the night time results indicate a rather stable value of ∼0.47 K, but for the daytime conditions this value increases to about 0.6 K. The TMI has higher values than AMSR-E for the standard deviation of the error being 0.55 K during night and even larger during day. The poorer performance of TMI in comparison to AMSR-E is not surprising given that TMI lacks the 7 GHz channel, which is more sensitive to SST [42, 43] . The daytime results before 2004 show a lot of annual variability for all three types of instruments. This variability coincides with a number of collocations less than 300 (cyan line) and even less than 100 for 1999 to 2001. Note that for 1998, there are not even 20 collocations during daytime to produce statistically meaningful results. The variability is expected as the number of collocations reduces to lower than about 500 [40] , so the daytime results before 2004 should be interpreted with caution. It is important to know if the results of the triple collocation vary geographically. Figure 8 presents the Hovmoller diagrams for the standard deviation of the error of the three instrument types (IR imagers, in situ and MW imagers) together with the number of collocations. It can be seen that for the ATSRs (Figure 8a ) and the drifting buoys (Figure 8b) , the results are rather stable both in time and latitude with the majority of the grid boxes having values between 0.1 K and 0.3 K. The observed variability around the value of 0.22 K and mainly few values outside the range of [0.1, 0.3] K are the result of relatively low number of collocations, especially when the number is less than ∼100 (Figure 8d ). On the other hand, AMSR-E does show a variable behaviour with latitude with observations north of 35 • S having a standard deviation of error ∼0.3 K, while south of 35 • S, the value doubles to 0.5-0.6 K. This characteristic performance of AMSR-E is stable with time. To the best of our knowledge, this is the first time that the latitudinal variability of AMSR-E SST is reported. While such a latitudinal dependence is expected for an MW SST retrieval using the 11-GHz channel [43] , this should not be the case for the 7-GHz channel, which is available on AMSR-E. Regarding TMI, the standard deviation of error is more stable with values 0.5-0.6 K, similar to what is found in Figure 7b . There is also an indication that TMI performance degrades south of 35 • S, but as the number of collocations is small (about 60) for this latitude, it is hard to arrive at firm conclusions. The small number of collocations can sometimes prevent the application of the triple collocation approach, e.g., the white grid boxes in Figure 8 for 2010 and 2011 in northern tropics. It is important to note that the triple collocation during night samples mainly the Southern Hemisphere mid-latitudes (Figure 8d ). This fact and the variable performance of AMSR-E with latitude could explain the differences seen in Figure 7 between day and night for this instrument. [56] , which are somehow smaller than the value of ∼0.22 K of this study, but in agreement with Xu and Ignatov [56] , who have also applied the triple collocation to the CCI. The results for AMSR-E standard deviation of the error are 0.42 K [39] , ∼0.48 K [25] and 0.28 K [55] . The first two results compare favourably with the value of ∼0.47 K found here. The much lower value for AMSR-E reported by Gentemann [55] despite using the same dataset version to this study could be a result of averaging the SST from the IR imager (MODIS in Gentemann [55] ) to the spatial resolution of the AMSR-E (i.e., 0.25 • ).
Validation of Uncertainty
One significant advantage of the CCI dataset is that each SST value is provided with its uncertainty [57, 58] . Thus, it is important to assess not only the quality of the SST, but also its associated uncertainty. Figure 9a ,b presents how the mean bias and the standard deviation vary against the binned CCI uncertainty for day and night, respectively. Ideally, the bias (red crosses) should be 0 K and the standard deviation (blue squares) should lie on the green line given by the equation y = √ 0.2 2 + x 2 , where 0.2 K is the uncertainty of the drifting buoys and x the uncertainty of CCI. Here, the assumption is made that the uncertainty of the drifting buoys is 0.2, which is in line with the above-mentioned results and studies and the review paper by Kennedy [59] . For CCI daytime retrievals, the mean bias increases slightly with increasing CCI uncertainty. Above 0.9 K, the mean bias is oscillating around 0 K, but there, the number of match-ups is very small (right axis, cyan bars). The number distribution indicates that the majority of daytime CCI has uncertainty values between 0.4 K and 0.6 K. The standard deviation lies rather close, although below to the theoretical line for the uncertainty interval [0.45, 0.9] K, an indication of a slight overestimation of CCI daytime uncertainty. Below the uncertainty level of 0.3 K, the standard deviation is almost constant at 0.4 K, which is higher than the expected value of 0.2 K, thus indicating an underestimation of CCI uncertainty. In total, about 78% of the match-ups are within the combined uncertainty (CCI and drifting buoys), while 94% of them are within twice the combined uncertainty. Regarding the CCI night time uncertainty, the situation is more complicated as in general the measurements have an uncertainty of either ∼0.2 K or ∼0.28 K (Figure 9b) . Only a small number of CCI match-ups have uncertainties in the interval [0.13, 0.3] K, and a very limited number has uncertainty larger than 0.3 K. The bias for the majority of match-ups (having uncertainties of about 0.2 or 0.28 K) is 0.1 K, and the standard deviation is close to the theoretical value, but now mostly indicating an underestimation of the CCI night time uncertainty. The underestimation is more evident for the rest of the match-ups, although not too far away from the theoretical value, while now, the mean bias is closer to 0 K. The poorer performance of the night time uncertainties in comparison to daytime is also reflected in the percentages of the match-ups within the combined uncertainty being 57% and 84% for them within twice the value of the combined uncertainty. Given that uncertainty of the drifting buoys is the same between day night, this suggests that the CCI night time uncertainty model needs to be improved.
It is useful to further understand to what degree the uncertainty validation of the CCI depends on the uncertainty value of the drifting buoys and the goodness of the CCI uncertainty model. Figure 9c ,d presents the two-dimensional histograms of the absolute bias versus the CCI uncertainty for day and night. In these two figures, only pairs with SST difference outside the expected combined CCI and drifting buoys uncertainties are considered. For the daytime conditions, the majority of the pairs is very close to the border, lying almost parallel to it. This means that with a slight increase of either the CCI or the drifting buoys' uncertainty, these pairs would be successful in terms of uncertainty validation. More specifically regarding the CCI, any uncertainty increase should occur only for the uncertainties in the region of 0.2 K. The increased number of match-ups outside the combined uncertainty in the interval 0.4-0.6 K coincides with the bulk of the uncertainty assignment (Figure 9a) . It is worth noting that only a limited number of match-ups (less than 40) shows absolute SST differences larger than 0.8 K not captured by the uncertainty model. On the other hand, the underestimation of CCI night time uncertainty is evident from Figure 9d . It is worth considering that the number of match-ups indicating an underestimation of uncertainty is not huge (compare Figure 9b,d ), but still, the absolute SST difference reaches up to 0.8 K when the estimated CCI uncertainty is only 0.2 K. Figure 10 presents the monthly evolution of the percentage for the match-ups that have differences within the combined uncertainty. In order to verify the impact that the uncertainty of drifting buoys can have on these percentages, three values (0.15 K, 0.20 K and 0.25 K) are chosen, which are compatible with literature and this study. During the day, the percentage of match-ups within the uncertainty improves with time from 70-85%, and this is in line with the previously mentioned percentage of 78% for the whole dataset. However, both the periods after the failure of the ATSR-1 3.7 µm channel (May 1992) and during the ERS-2 gyro failure (beginning of 2001) have lower percentages down to 60% indicating that the uncertainty model does not capture these events well. Although it could be argued that the apparent temporal improvement of the percentage is due to drifting buoys, the difference during day among the three percentages (one for each δSST) is too small to justify this (at least for the δSST considered here). For night time retrievals the percentage within the uncertainty shows obvious monthly fluctuations before 2006, while there is some temporal improvement from 60-75%. Surprisingly, it is the first period of ATSR-2 (till the end of 1996) that shows the poorest performance, about 10% lower than ATSR-1. Now, the choice of the drifting buoys uncertainty has a considerable impact on the percentage by increasing it about 10% when δSST increases from 0.15 K-0.25 K. This is expected given that the night time CCI has a similar uncertainty to drifting buoys (Figure 9b ).
To summarize, the daytime uncertainty of CCI is better than the respective one during night, but still in both cases the underlying uncertainty model of CCI should be further improved in order to eliminate the temporal evolution as far as possible and to take into account known periods with degraded instrument performance. 
Comparison with ARC
The ARC SST was the precursor dataset of the CCI, so it is useful to make a comparison between the two. For this purpose, the match-up dataset of Lean and Saunders [25] is used here, which covers the period August 1991-December 2009 (thus no AATSR/drifting buoys collocations for 2010-2012). Both the observations and the collocation approach used by Lean and Saunders [25] are the same as described in Section 2. Similarly to the quality control applied for CCI (Section 2), a ±3 K threshold is used to eliminate the outliers not removed by the conservative quality control. It is reminded that a three-sigma annual filter has been used in Lean and Saunders [25] , while the validation has been performed mainly for 1 m depth SST, which could explain some minor differences between the two studies. Figure 11 is similar to Figure 3 , but presents the comparison between ARC and drifting buoys for the period 1991-2009. The significant warm biases seen in the CCI dataset are absent in ARC both during day and night or at least much less prominent, with ARC being in general in the range [−0.1, 0.1] K from drifting buoys, particularly for night time. The regions appearing consistently with warm SST biases in respect to buoys for both CCI and ARC are off the coast of Indian Peninsula, the Maritime Continent (but not for night time ARC) and the Gulf of Mexico, with the region around the Indian Peninsula being the more challenging (median bias about 0.5 K). During the day, the median bias of CCI is lower than ARC in the Gulf of Mexico and the region of Kuroshio current. There are a few regions with cold biases in ARC, although these are less obvious than CCI with values close to −0.1 K. In terms of robust standard deviation, again the ARC performs better than CCI, and especially during night, the RSD is almost everywhere less than 0.2 K.
However, the direct comparison between Figures 3 and 11 is not really valid as they do not cover exactly the same period, despite the fact that AATSR CCI was pretty stable for its whole lifetime (Section 3). For this reason, Table 3 Tables is different  for all three ATSRs. This shows the robustness of the overall statistics to small changes of the time period considered for CCI. Returning to the comparison between CCI and ARC, it can be seen that the number of match-ups is slightly different between the two (Table 3) with ARC having in general more match-ups. This is the outcome of different spatial resolutions 0.05 • for CCI vs. 0.1 • for ARC. All statistical parameters show better agreement of ARC with drifting buoys than CCI. Nevertheless, the differences are not large and in general are within ±0.05 K. However, the difference in the statistics between CCI and ARC for ATSR-1 is puzzling, especially regarding the biases. The SST retrieval method is the same between the two datasets, and the only difference is the spatial resolution.
In order to investigate the temporal evolution of quality between CCI and ARC, Figure 12 presents the annual median bias and robust standard deviation. The better performance of ARC than CCI in terms of median bias (being closer to 0 K) can be seen for the whole period from 1991-2009. However, CCI is more consistent regarding the differences between day and night for the periods of ATSR-1 and AATSR. During the ATSR-2 period (1997-2000), the performance of CCI is almost identical to ARC for the daytime retrieval. The sign of the median bias is not the same before 2000 during night, with CCI presenting a warm bias and ARC having a cold bias. The difference in performance between CCI and ARC during night reaches about 0. 25 K in 1993-1994 (Figure 12a ). As mentioned previously, this big difference is surprising as both CCI and ARC use practically the same cloud mask and SST retrieval method in this period. Concerning the time evolution of the RSD, this is very similar between CCI and ARC, with CCI having larger values by ∼0.05 K from ARC. It is interesting to note that ARC daytime is not impacted by the switch from ATSR-1 to ATSR-2 in 1996, while the CCI night time is not impacted by the gyro failure on ERS-2 in 2001 (in accordance with Figure 5 ). Furthermore, the daytime ARC RSD is very similar to the night time RSD of CCI. Figure 13 shows the monthly evolution of percentages for four ad hoc thresholds (the same as Figure 6 ), but for ARC. In this way, performance changes at sub-annual time scale are more easily discerned, thus providing complementary information to Figure 12 . The superiority of ARC is confirmed with percentages of collocations inside ±0.1 K or ±0.2 K being about 10% higher than CCI. It is worth noting that for night time ARC the percentage within 0.2 K reaches 70% after 2005. Regarding the percentages with absolute differences larger than 2 K, there is no difference between CCI and ARC, although ARC shows smoother evolution. For the percentage of |∆SST| larger than 1 K, ARC displays lower values than CCI, especially during the ATSR-1 period by ∼5%. The failure of ATSR-1 3.7 µm channel (May 1992) and the ERS-2 gyro (beginning of 2001) are clearly seen in the time series, together with the switch from ATSR-1 to ATSR-2. Although, in ARC, the first months of ATSR-2 have higher percentages (Figure 13a ) than the respective period of ATSR-1 (before the 3.7 µm channel failure), as CCI the two instruments seem to have a similar quality. 
Summary and Conclusions
The CCI SSTs (Phase 1, Version 1.1) from the ATSRs covering the period 1991-2012 have been assessed against collocated observations from drifting buoys and also compared with the corresponding comparisons for the ARC (the precursor dataset of CCI SST). Only the performance of CCI SSTs from the ATSRs has been assessed here. For the comparison of the CCI and ARC datasets, it should be noted that apart from ATSR-1, the retrieval methods for the skin SSTs are different. Furthermore, the ARC dataset is provided at a spatial resolution of 0.1 • , while CCI has a finer resolution of 0.05 • . Because of this, the CCI standard deviation is expected to be worse than ARC due to higher random and sampling uncertainties [57, 58, 60] .
The median bias of CCI is slightly larger than 0.1 K and the robust standard deviation (RSD) in the range 0.22-0.55 K lower for night time than daytime conditions, and this improves with instrument generation (AATSR has the smallest and ATSR-1 the largest) (Table 1) . However, considering overlapping periods for the instruments indicates that the performance of ATSR-2 is similar to AATSR ( Table 2 ). The median bias is larger in the tropics ∼0.3 K during the day, with lower values (0.1-0.2 K) and more homogeneous distribution during the night. Some regions show negative biases, e.g., due to the dust outflow from the Sahara and Arabian deserts for night time conditions. The Maritime Continent has a peak for daytime RSD at about 0.6 K. The median bias is fairly stable (0.1-0.15 K) since 2000-2001, but variable before then. The comparable performance of ATSR-2 and AATSR is demonstrated in the time series of the RSD being 0.2-0.3 K during night and about 0.1 K higher during the day. On the other hand, ATSR-1 shows increasing RSD with time from 0.3 K to over 0.6 K. Forty to sixty percent of the match-ups have absolute SST differences less than 0.2 K (higher percentages during night), except for the periods after the failure of the 3.7 µm channel on ATSR-1 and the gyro failure on ERS-2. Similarly, less than 10% of match-ups show absolute SST differences larger than 1 K (again except for the above mentioned periods), decreasing to 5% for the AATSR period.
Triple collocation analysis has been used for the first time, to the best of our knowledge, for the period 1998-2002 using TMI and ATSR-2 observations, extending backwards in time the estimation of the random uncertainty of SST from drifting buoys, IR imagers and MW imagers. . Surprisingly, the performance of AMSR-E is much better in the tropics (∼0.3 K), almost half of the value found in the mid-latitudes, which is comparable to TMI. This is the first time to the best of our knowledge that the AMSR-E SST random uncertainty has been reported to change with latitude.
The CCI provides uncertainty for each SST retrieval, and its validation showed that the model used during the daytime slightly overestimates uncertainty in the interval [0.45, 0.9] K and underestimates below 0.3 K. Small underestimations of the uncertainty are also seen for the night time conditions, but now for some of the match-ups, the uncertainties provided are too low. The time evolution of the percentage of match-ups within combined uncertainty (drifting buoys and CCI) is 70-80% for daytime, though the model does not capture the instrument failure periods of the ATSR-1 3.7 µm channel and the ERS-2 gyro. The corresponding percentages for night are lower, being 60-70%. However, the night percentages depend on the assigned value of uncertainty for the drifting buoys being at the same level, which is not the case during the day.
Results show that CCI (Phase 1) does not yet match the quality of ARC SST retrievals when comparing to drifting buoys. The value of the ARC median bias is closer to 0 K than CCI, and the RSD is about 0.05 K lower for ARC. This means that the night time CCI RSD more or less matches the ARC RSD during the day. Although the results of the comparison against drifting buoys are not very different, the superiority of ARC can also be seen in the more homogeneous geographical distribution of median bias and RSD than CCI. However, there are regions (e.g., Gulf of Mexico, Kuroshio) where CCI is better than ARC, while the region around the Indian Peninsula has proven difficult for both datasets. The same picture emerges for the temporal evolution of the percentages of |∆SST| within 0.1/0.2 K or larger than 1 K with ARC manifesting better performance than CCI. This fact probably indicates that the SST retrieval approach based on coefficients estimated from radiative transfer simulations performs better than the optimal estimation for dual view observations; even if for single view observations, the optimal estimation retrieval provides better results [26] . An alternative possibility is that the optimal estimation retrieval has not been implemented correctly in CCI, e.g., by not removing all the subtle biases of the radiances. Nevertheless, the observed discrepancies between CCI and ARC during the period of ATSR-1 are unexplained given that both datasets use the same retrieval method; especially concerning bias, as the standard deviation of CCI is expected to be higher than ARC due to the finer spatial resolution.
It should be noted that although the CCI (Phase 1) SSTs from the ATSRs are not as good as ARC, they are in line or even better than other SST datasets based on thermal infrared (TIR) observations [30] [31] [32] 61] . The CCI also includes SSTs from the Advanced Very High Resolution Radiometers (AVHRRs) and an SST analysis using both ATSR and AVHRR [22] . The combination of the high quality SSTs provided by the ATSRs and the global coverage provided by AVHRRs offers an attractive dataset for climate studies. Indeed, the CCI SST dataset is already being used successfully [56, 62] for climate research. Some of the shortcomings in the CCI SSTs identified here are being addressed in Phase 2 of the CCI, while other enhancements could be incorporated in future versions [63] .
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